SHIP has been implicated in negative signaling in a number of hematopoietic cell types and is postulated to downregulate phosphatidylinositol-3-kinase-(PI-3K-) initiated events in diverse receptor signaling pathways. Because PI-3K is implicated in chemokine signaling, we investigated whether SHIP plays any role in cellular responses to chemokines. We found that a number of immature and mature hematopoietic cells from SHIP-deficient mice manifested enhanced directional migration (chemotaxis) in response to the chemokines stromal cell-derived factor-1 (SDF-1) and B-lymphocyte chemoattractant (BLC). SHIP -/-cells were also more active in calcium influx and actin polymerization in response to SDF-1. However, colony formation by SHIP-deficient hematopoietic progenitor cell (HPCs) was not inhibited by 13 myelosuppressive chemokines that normally inhibit proliferation of HPCs. These altered biologic activities of chemokines on SHIP-deficient cells are not caused by simple modulation of chemokine receptor expression in SHIP-deficient mice, implicating SHIP in the modulation of chemokine-induced signaling and downstream effects.
Introduction
SHIP has been implicated in negative signaling in a number of hematopoietic cell types and is postulated to downregulate phosphatidylinositol-3-kinase-(PI-3K-) initiated events in diverse receptor signaling pathways. Because PI-3K is implicated in chemokine signaling, we investigated whether SHIP plays any role in cellular responses to chemokines. We found that a number of immature and mature hematopoietic cells from SHIP-deficient mice manifested enhanced directional migration (chemotaxis) in response to the chemokines stromal cell-derived factor-1 (SDF-1) and B-lymphocyte chemoattractant (BLC). SHIP -/-cells were also more active in calcium influx and actin polymerization in response to SDF-1. However, colony formation by SHIP-deficient hematopoietic progenitor cell (HPCs) was not inhibited by 13 myelosuppressive chemokines that normally inhibit proliferation of HPCs. These altered biologic activities of chemokines on SHIP-deficient cells are not caused by simple modulation of chemokine receptor expression in SHIP-deficient mice, implicating SHIP in the modulation of chemokine-induced signaling and downstream effects.
Mice bearing a targeted disruption of both SHIP alleles have been generated (23) . SHIP-null mice are viable and fertile but have a reduced life span. SHIPnull mice demonstrated splenomegaly, extensive consolidation of the lungs due to infiltration by myeloid cells, increased numbers of granulocyte-macrophage progenitors in the bone marrow and spleen, and reduced numbers of bone marrow lymphoid and late erythroid progenitors (CFU-E). HPCs from SHIPnull mice are enhanced in responsiveness to stimulation by cytokines such as GM-CSF, IL-3, steel factor, and M-CSF.
It is known that PI-3K is involved in signaling processes and chemotaxis induced by chemokines including stromal cell-derived factor-1 (SDF-1) (24) and other chemokines (25) (26) (27) , which suggests a possibility that SHIP plays a role in chemokine-induced biologic effects by antagonizing the effect of PI-3K. We observed that absence of SHIP in mature hematopoietic cells and progenitors resulted in altered cell responses to chemokines. This suggests that SHIP is an important regulator of chemokine responses and signaling.
Methods

SHIP-deficient mice.
Generation of homozygous deletion of SHIP in embryonic stem cells and SHIP-deficient mice has been described previously (23) . Sex-and agematched adult mice (∼6 weeks old) were used in this study, and wild-type littermates were used as controls.
Cell preparation. Total mouse bone marrow cells were aspirated from 2 femurs of each mouse. Total splenocytes and thymocytes were prepared by mincing spleens or thymus through iron meshes. Lowdensity spleen or thymus mononuclear cells were isolated by centrifuge using Lympholyte-M (Cedarlane, Hornby, Canada). Nonadherent spleen lymphocytes were obtained by removing adherent cells on culture dishes after overnight culture in X-VIVO 20 medium (Biowhittaker Inc., Walkersville, Maryland, USA) supplemented with 20% FBS (Hyclone Laboratories, Logan, Utah, USA). B220 + spleen B cells were isolated from the low-density splenocytes by staining with biotin-labeled antibodies to CD45R/B220 (clone RA3-6B2, Pharmingen, San Diego, California, USA) followed by positively selecting the stained B220 + cells using streptavidin-beads and magnets (Miltenyi Biotech, Auburn, California, USA).
Quantitative chemotaxis of HPCs and leukocytes. Quantitative chemotaxis assays using transwells (6.5-mm diameter, 5-µm pore size, polycarbonate membrane; Costar, Corning, New York, USA.) that allow comparison of chemotaxis of different cells from different mice were performed as described previously (28, 29) . For chemotaxis of HPC, 5 × 10 5 bone marrow cells were used for each chemotaxis chamber. SDF-1 (obtained from I. Clark-Lewis, University of British Columbia, Vancouver, Canada) was added to the lower chamber at various concentrations. Chemotaxis was allowed for 4 hours. Input cells and cells migrating to the lower chamber were collected and assayed for colony-forming cells in methylcellulose culture containing various growth factors. Cells from 2 transwells were combined to obtain enough numbers of HPCs for triplicated colony assays. Cells were plated at 5 × 10 4 per 1 mL culture medium. Detailed culture conditions are described in the next section. After 7 days, colonies deriving from CFU-GMs were differentially counted using standard techniques under an inverted microscope (30) .
For chemotaxis of bone marrow macrophages and B cells, thymocytes, and spleen lymphocytes, a half million low-density mononuclear cells were used for input cells. Chemotaxis was allowed for 3 hours for
Figure 1
Bone marrow HPC, macrophages and B cells from SHIP-deficient mice have enhanced chemotaxis to SDF-1. (a) Bone marrow cells were examined for their ability to transmigrate from the upper chamber toward SDF-1 at indicated concentrations in the lower chamber. After chemotaxis, myeloid progenitors in input and the lower chamber were assayed by methylcellulose colony assay. HPC (CFU-GM) migration was normalized for the number of input colony-forming HPCs to obtain HPC migration rate (% of input ± SD). Chemotaxis of CD11b/MacSDF-1 or 2 hours for murine B-lymphocyte chemoattractant (BLC) and mCKβ-11 at 37°C. Input cells and cells migrating to the lower chamber were collected, stained with antibodies (anti-B220-PE, anti-CD11b/Mac-1-TRIcolor, and anti-F4/80-FITC for bone marrow macrophages and B cells; anti-CD4-Cychrome and anti-CD8-FITC for thymocytes; anti-CD4-Cychrome, anti-B220-PE, and anti-CD8-FITC for splenocytes) and analyzed by FACscan (Becton Dickinson Immunocytometry Systems, Mountain View, California, USA) in a timebased manner for 20 seconds. Anti-CD4-Cychrome (clone L3T4), anti-CD8a-FITC (clone Ly-2), and B220-PE (clone RA3-6B2) were purchased from Pharmingen. Anti-F4/80 was purchased from Serotec Ltd. (Oxford, United Kingdom). Anti-Mac-1 was purchased from Caltag Laboratories (Burlingame, California, USA). Migration of each subset was normalized for the numbers of input cells.
Assays of HPC proliferation. Total bone marrow and spleen cells were plated in the presence or absence of TNF-α or IFN-γ each at 10 ng/mL, or 100 ng/mL of various chemokines (RANTES, fractalkine, MIP-1β, MIP-1α, MCP-1, exodus, SLC, TECK, MIP-4, IL-8, IP-10, MIG, ENA78, GCP-2, CKβ-11, MCP-4). These cytokine/chemokine concentrations have previously been shown to be optimal for inhibition of colony formations by bone marrow cells from mice of different strains. IFN-γ, TNF-α, and most chemokines were purchased from R&D Systems Inc. (Minneapolis, Minnesota, USA) except CKβ-11 (31) . Bone marrow cells were plated at 5 × 10 4 per mL in 1.0% methylcellulose culture medium with 30% vol/vol FBS (Hyclone) and 1 U/mL recombinant human erythropoietin (Amgen Biologicals, Thousand Oaks, California, USA), 50 ng/mL recombinant murine steel factor (Immunex Corp., Seattle, Washington, USA), 5% vol/vol pokeweed mitogen mouse spleen cell-conditioned medium (30) , and 0.1 mM hemin (Kodak Co., Rochester, New York, USA). Colonies deriving from hematopoietic progenitors (CFU-GM, BFU-E, CFU-GEMM) were scored after 7 days of incubation in a humidified environment at 5% CO 2 and lowered (5%) O 2 as described elsewhere (32) .
Calcium flux assay. Calcium flux assay in response to chemokines has been described previously (31) . Lowdensity nonadherent spleen lymphocytes were used for calcium flux assay. Fluorescence was monitored at 340 and 380 nm for excitation and 510 nm for emission for as long as 250 seconds. The data were recorded as the relative ratio of fluorescence excited at 340 and 380 nm. Data were collected every 1 second.
Actin polymerization assay. Low-density thymocytes or splenic nonadherent lymphocytes were used in this assay. Actin polymerization in response to a chemokine has been described previously by others (33) . Mean fluorescence was measured by FACscan.
RNase protection assays of chemokine receptor expression. Total RNA was isolated from various sources of cells including bone marrow (total bone marrow cells), thymus (low-density mononuclear cells), and spleen (low-density mononuclear cells and B220 + B cells) using Trizol solution (GIBCO BRL/LifeTechnologies, Grand Island, New York, USA). Multiprobe RNase protection template sets mCR5 (CCR1, CCR1b, CCR3, CCR4, CCR5, CCR2, L32, GAPDH) and mCR6 (CXCR2, CXCR4, CXCR5, L32, and GAPDH) were purchased from Pharmingen. RNase protection assay was performed as described previously (34) . Filters were dried, exposed on x-ray film (X-OMAT; Kodak) and analyzed for band radioactivity using phosphorimage analyzer (Molecular Image Analyzer; BioRad Laboratories, Inc., Hercules, California, USA).
Statistical analysis. Student's t test was used to analyze data for significance. P values less than 0.05 were regarded as significant.
Results
SDF-1 induces greater chemotaxis of SHIP-deficient bone marrow hematopoietic cells than wild-type littermate cells.
SDF-1 induces chemotaxis of human HPCs and is constitutively expressed by bone marrow stromal cells (29, 35, 36) . CXCR4 is the receptor for SDF-1 (37, 38) and is constitutively expressed on human HPC (37) (38) (39) . SDF-1 may be an important chemokine that induces homing of HPCs to bone marrow and retains HPCs within the bone marrow. We examined the comparative chemotactic responsiveness of myeloid progenitor cells from SHIP-deficient and wild-type mice. SHIP-deficient CFU-GMs showed significantly enhanced chemotaxis ability in response to SDF-1 ( Figure 1a) .
Bone marrow macrophages are descendants from bone marrow myeloid progenitors. We examined the chemotactic responsiveness of bone marrow macrophages (CD11b/Mac-1 + F4/80 + cells) from SHIP-deficient and wild-type mice. SHIP-deficient bone marrow macrophages also showed greater chemotaxis to SDF-1 than their wild-type counterparts (Figure 1b) . We also examined the chemotaxis of SHIP-deficient bone marrow lymphoid cells. Bone marrow B cells (B220 + ) from SHIP-deficient mice migrated significantly better to SDF-1 than wild-type bone marrow cells (Figure 1c) .
Chemotaxis of SHIP-deficient thymic T-cell progenitors and spleen lymphocytes. Thymus expresses several chemokines that show chemotactic activity for thymocyte subsets. Among these chemokines, the chemotactic activity of SDF-1 for thymocytes has been well characterized. SDF-1 attracts 4 thymocyte subsets, immature double-negative (DN: CD4 -CD8 -) and double-positive (DP: CD4 + CD8 + ), and mature single-positive (CD4 + or CD8 + ) thymocytes, with a greater preference for immature DN and DP thymocytes (28) . We examined whether SHIP-deficient thymocytes manifested a chemotaxis behavior that was different from wild-type thymocytes. We found that SHIP-deficient CD4 + SP and CD8 + SP T-cell progenitor subsets, unlike their wild-type counterparts, which are poorly attracted to SDF-1, migrated very well to SDF-1 (Figure 2a) . Additionally, the highly responsive subsets of DN and DP thymocytes in wildtype mice were more responsive to SDF-1 in SHIPdeficient mice (Figure 2a) .
The chemotactic responsiveness of spleen B220 + B cells to SDF-1 was also examined (Figure 2a ), as SDF-1 is an efficacious chemoattractant for B cells. We observed strikingly enhanced migration of SHIPdeficient B cells to SDF-1. CD4 + spleen T cells from SHIP-deficient mice were also hyper-responsive to SDF-1 (Figure 2a) . The difference in chemotaxis to SDF-1 between wild-type and SHIP-deficient CD4 + T cells was less than other cell types such as bone marrow cells and spleen B cells. No significant difference in chemotaxis of SHIP-deficient and wild-type CD8 + T cells to SDF-1 was observed (data not shown).
We also addressed the question of whether the enhancement of chemotaxis of SHIP-deficient cells was apparent with other chemokines in addition to SDF-1. We tested 2 other chemokines, BLC/BCA-1 and CKβ-11/MIP-3β/ELC, that have comparable chemotactic efficacy for lymphocytes to that of SDF-1. BLC attracted more SHIP-deficient B cells than wild-type cells, whereas CKβ-11 attracted similar percentages of B cells from both types of mice ( Figure  2b ), demonstrating that SHIP involvement in chemokine-mediated chemotaxis is chemokine specific. Enhanced migration of SHIP-deficient cells to SDF-1 can be due to directional migration (chemotaxis) or random migration (chemokinesis) or both. To address this question, we performed checkerboard chemotaxis assays in the presence of SDF-1 in the lower chamber and/or upper chamber in a combinatorial manner. As SDF-1 concentration in the upper
1754
The Journal of Clinical Investigation | December 1999 | Volume 104 | Number 12
Figure 3
Enhanced migration to SDF-1 is due to enhanced chemotactic, but not chemokinetic, migration. Bone marrow progenitors, CFU-GM (a) and splenic B cells (b) were examined for their chemotactic responsiveness to various concentration gradients of SDF-1 (ng/mL) in the upper and/or lower chamber in a combinatorial manner. Representative data from 1 of 3 independent experiments is shown in a for CFU-GM, and the combined data of 3 independent experiments is shown for B cells in b (average ± SD). If SD bars are not shown, they were very small.
chamber was increased, migration of wild-type and SHIP-deficient HPCs (CFU-GM) and spleen B cells to the lower chamber was decreased (Figure 3 ). At SDF-1 concentrations of 30 ng/mL for HPCs and 3,000 ng/mL for B cells in the upper chamber, migration of both the wild-type and SHIP-deficient HPCs and B cells toward SDF-1 in the lower chamber was completely decreased to background levels, demonstrating that enhanced motility of both type cells is due to chemotaxis.
Enhanced biochemical response to CXC chemokine SDF-1 in SHIP-deficient cells.
Binding of chemokines to their cognate receptors induces G-protein activation, which in turn leads to a calcium influx, presumably as a result of activating protein tyrosine kinases and phospholipase Cβ. Although it remains to be elucidated exactly how SHIP inhibits cytokine/antigen/IgEdependent signaling, it has been suggested that it does so, at least in part, by hydrolyzing PIP 3 . This reduces the attraction of pleckstrin homology-containing proteins to the plasma membrane, such as PLCγ1/2 and members of the Tec family, and this leads to a smaller influx of extracellular calcium, either by reducing intracellular calcium release (40) or by inhibiting a critical step between intracellular calcium release and extracellular calcium entry (20) . We examined whether chemokine-dependent calcium flux was any different in SHIP-deficient cells and wild-type littermate control cells. Mouse spleen lymphocytes were activated with an optimal dose of SDF-1. The effect of SDF-1 on wild-type murine lymphocytes was barely detectable, as primary resting lymphocytes are poor inducers of calcium flux in response to chemokines (Figure 4a ). However, a strong calcium influx was observed in spleen lymphocytes from the SHIP-deficient mice (Figure 4a ). On the other hand, wild-type and SHIP-deficient spleen lymphocytes had a similar capacity to increase intracellular calcium concentrations with ionomycin, a calcium ionophore that bypasses cell-surface receptors, which was used as a control for calcium influx. The difference in ability of wild-type and SHIP-deficient spleen cells to mobilize calcium is not due to different compositions of spleen lymphocyte populations from SHIP-deficient and wild-type mice. The composition of the major lymphoid subsets (CD4 + T cells and B220 + B cells) that were responsive to SDF-1 in 6-week-old spleen was not much different in SHIPdeficient (14% CD4 + ; 36% B220 + ) and wild-type (18% CD4 + ; 30% B220 + ) mice.
Transient actin polymerization in response to chemokines is an important cellular event for cell polarization and for formation of cell membrane structures such as uropods and chemotaxis. We examined the F-actin (polymerized actin) levels in SHIP-deficient and wild-type cells before and after chemokine treatment. Splenocytes and thymocytes ( Figure 4 , b and c, respectively) from SHIP-deficient mice had far greater basal levels of F-actin before activation with SDF-1 than their wild-type counterparts. After activation with SDF-1 at various concentrations, greater F-actin levels were observed in SHIPdeficient versus wild-type thymocytes and spleen lymphocytes (Figure 4, b and c) .
SHIP-deficient HPCs are resistant to the suppressive activity of chemokines, but sensitive to that mediated by TNF-α and IFN-γ.
A number of chemokines demonstrate suppressive activity for proliferation of immature subsets of HPCs (41), a biologic activity of many chemokines that is distinct from their chemotactic activity. We tested 13 previously determined myelosuppressive chemokines (MIP-1α, MCP-1, exodus, SLC, TECK, MIP-4, IL-8, IP-10, MIG, ENA78, GCP-2, CKβ-11, and MCP-4), 3 previously determined nonsuppressive chemokines (RANTES, fractalkine, and MIP-1β), and TNF-α and IFN-γ, 2 other known sup- pressive cytokines (42) , for their effects on colony formation of bone marrow HPCs. SDF-1 does not suppress the proliferation of immature subsets of HPCs (43) . All 13 suppressive chemokines and 2 other cytokines (TNF-α and IFN-γ), but not the 3 nonsuppressive chemokines, inhibited proliferation of wildtype littermate control myeloid progenitor cells (CFU-GM, BFU-E, CFU-GEMM). However, none of the tested chemokines inhibited the proliferation of SHIP-deficient myeloid progenitor cells ( Figure 5 ). In contrast, bone marrow HPCs from SHIP-deficient mice were at least as sensitive as HPCs from wild-type mice to the suppressive effects of TNF-α and IFN-γ.
Chemokines are active as myelosuppressive cytokines when HPCs are in S-phase of the cell cycle (44) . In fact, with normal cells the percent inhibition of colony formation by HPCs in the presence of chemokines is directly related to the percent of HPCs in S-phase. The higher the percent of HPCs in S-phase, the greater the inhibition by chemokines. While SHIPdeficient mice have been reported to have enhanced numbers of CFU-GM, especially in the spleen (23), the proliferative status of these and other subsets of HPCs in marrow was not evaluated. Therefore, we examined the proliferative status of CFU-GM, BFU-E and CFU-GEMM (percent in S-phase of the cell cycle as estimated by high specific activity tritiated thymidine kill assay; ref. 30) in the marrow of SHIP-deficient compared with wild-type littermate control mice. CFU-GM, BFU-E, and CFU-GEMM in the marrow of SHIPdeficient mice were not reduced in their proliferative capacity compared with these progenitors (data not shown). Thus, the inability of CFU-GM, BFU-E and CFU-GEMM in the marrow of SHIP-deficient mice to respond to inhibition by chemokines could not be attributed to lack of cycling HPC.
Chemokine receptor expression in leukocytes from SHIPdeficient mice and wild-type mice. Altered responsiveness of SHIP -/-hematopoietic cells to chemokines can be a result of changes in the intracellular activation machinery or in chemokine receptor expression. To examine this, we performed RNase protection assays to measure expression of various chemokine receptors in hematopoietic cells from bone marrow, thymus, and spleen. Bone marrow cells from SHIP-deficient mice showed a very similar pattern of chemokine receptor expression as that from wildtype mice ( Figure 6 ). Expression of CXCR4 and CXCR5 was not different in SHIP-deficient spleen cells compared with wild-type cells. SHIP-deficient spleen had enhanced expression of CCR1, CCR2, CCR3, and CXCR2. No difference in expression of chemokine receptors was observed in SHIP-deficient thymocytes compared with wild-type cells. In SHIPdeficient B220 + B cells, expression of some CC chemokine receptors including CCR1 and CCR5 was increased over the expression levels in wild-type B cells, whereas expression of CXCR4 and CXCR5 was similar in both types of B cells.
Discussion
These studies reveal several profound effects of SHIP deficiency on responsiveness to the chemokine SDF-1 and other chemokines. On the one hand, the absence of SHIP enhanced chemotaxis, calcium mobilization, and actin polymerization in multiple blood cells and HPCs. Additionally, but in contrast, the absence of SHIP blocked the proliferation inhibition normally associated with a number of chemokines. Our results also suggest that the effects of chemokines on cellular chemotaxis can be dissociated from their effects on progenitor cell proliferation.
Specifically, we found that absence of SHIP in spleen lymphocytes makes them far more efficient inducers of calcium influx in response to SDF-1. The detailed signaling events that follow chemokine engagement with its 7-spanner receptor is only just beginning to be revealed. It has been reported that SDF-1 induces activation of CXCR4 coupled to G i2
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Figure 5
SHIP-deficient HPCs are resistant to the suppressive activity of chemokines but are sensitive to that of TNF-α and IFN-γ. Bone marrow cells from wild-type and SHIP-deficient mice were plated into methylcellulose culture medium (see Methods) in the presence of PBS, 100 ng/mL chemokines, or 10 ng/mL TNF-α and IFN-γ. Colony formation of HPCs (CFU-GM, BFU-E, CFUGEMM) was assessed after 7 days of incubation. Results shown are the average (mean ± SD) for 4 separate experiments using wild-type cells and 5 separate experiments using SHIP-deficient cells.
(45), PI-3K, related adhesion focal tyrosine kinase (RAFTK)/pyk2, p44/42 MAP kinases, and NF-κB (26 (46) . It was striking to observe that SHIP-deficient HPCs were resistant to the suppressive activity of chemokines on proliferation, as the response of HPCs to SDF-1 in terms of chemotaxis was more enhanced. Suppressive activity of chemokines for proliferation of HPC is a distinct biologic activity from induction of chemotaxis. Among chemokines identified so far, 21 chemokines that cross the CC, CXC, and C subfamilies are suppressive, whereas 13 chemokines that cross the CC, CXC, and CX 3 C subfamilies are not (7) . However there are only 3 chemokines (SDF-1, SLC, and CKβ-11) that have been shown to induce chemotaxis of HPCs (29, 36, 43, 47) . The resistance of SHIP-deficient HPCs to the suppressive chemokines is reminiscent of the resistance of HPCs from patients with leukemia (48, 49) . It would be interesting to examine whether SHIP and related signaling pathways are intact in these leukemic HPCs. SHIP-deficient HPCs, in contrast, are at least as sensitive to the suppressive effects of 2 other inhibitory cytokines (TNF-α and IFN-γ), implying that the mechanism of suppression by chemokines is different from that of nonchemokine inhibitory cytokines.
Altered response to chemokines can be caused by altered expression of chemokine receptors, which is often observed during differentiation and activation of various hematopoietic cell types. We examined the possibility of altered expression of chemokine receptors in SHIP-deficient leukocytes by RNase protection assay. Bone marrow cells from wild-type and SHIPdeficient mice did not differ in their expression profile of chemokine receptors for CCR1, CCR2, CCR3, CCR5, CXCR2, and CXCR5. Among these receptors, CCR2 and CXCR2, respectively, have previously been demonstrated using receptor knockout mice to be dominant receptors for inhibition of progenitor cell proliferation by MCP-1 (and MCP-4; refs. 2, 50, and 51), and IL-8 (and ENA-78, GCP-2; refs. 2 and 52). Using marrow cells from CCR1 (-/-) mice, CCR1 was shown not to be a major receptor of MIP-1α for inhibition of progenitor proliferation (53) . Therefore, CCR5, another receptor for MIP-1α, may be a major receptor for this biologic activity of MIP-1α. Thus, it is not likely that the resistance of SHIP-deficient HPCs to the suppressive chemokines such as MCP-1, MCP-4, IL-8, ENA-78, GCP-2, and MIP-1α is caused by loss of chemokine receptor expression. Expression of chemokine receptors examined in thymocytes from SHIP-deficient mice showed no difference from those of wild-type mice. However, some chemokine receptors in SHIP-deficient splenic leukocytes had different expression patterns from wild-type cells, whereas expression of other receptors remained the same. Expression of CXCR4 and CXCR5, the receptors for SDF-1 and BLC, respectively, are relatively similar in wild-type and SHIP-deficient mice. Thus, we believe
Figure 6
Chemokine receptor expression in leukocytes from SHIP-deficient (-) and wild-type (+) mice. Freshly isolated bone marrow cells (BM), spleen mononuclear cells (Spln), thymocytes (thym), and B220 + B cells (B cells; purity > 95%) from wild-type and SHIP-deficient mice were analyzed for expression of chemokine receptor mRNA by RNase protection assay. In addition to the chemokine receptors, L32 and GAPDH were included as internal controls. Expression of CC chemokine receptors is shown in a, and that of CXC chemokine receptors is shown in b. These results are representative of 3-4 reproducible experiments.
that the enhanced effect of these chemokines is not due to enhanced chemokine receptor expression.
Some of the pathological phenotypes of SHIP-deficient mice may be explained by the modulation of chemokine effects. SHIP-deficient mice have increased numbers of myeloid cells in bone marrow and spleen (23) . Reasons for this may include enhanced progenitor cell proliferation due in part, perhaps, to insensitivity of these early cells to suppression by the chemokines, which can be found in marrow, spleen, blood, and other organs. Additionally, the enhanced chemotaxis of progenitor cells in response to SDF-1 may be responsible for the greater attraction and/or retention of these cells in the marrow and spleen.
